ABSTRACT Models of disk galaxy formation commonly predict the existence of an extended reservoir of accreted hot gas surrounding massive spirals at low redshift. As a test of these models, we use X-ray and Hα data of the two massive, quiescent edge-on spirals NGC 5746 and NGC 5170 to investigate the amount and origin of any hot gas in their halos. Contrary to our earlier claim, the Chandra analysis of NGC 5746, employing more recent calibration data, does not reveal any significant evidence for diffuse X-ray emission outside the optical disk, with a 3σ upper limit to the halo X-ray luminosity of 4×10 39 erg s −1 . An identical study of the less massive NGC 5170 also fails to detect any extraplanar Xray emission. By extracting hot halo properties of disk galaxies formed in cosmological hydrodynamical simulations, we compare these results to expectations for cosmological accretion of hot gas by spirals. For Milky Way-sized galaxies, these high-resolution simulations predict hot halo X-ray luminosities which are lower by a factor of ∼ 2 compared to our earlier results reported by Toft et al. (2002) . We find the new simulation predictions to be consistent with our observational constraints for both NGC 5746 and NGC 5170, while also confirming that the hot gas detected so far around more actively star-forming spirals is in general probably associated with stellar activity in the disk. Observational results on quiescent disk galaxies at the high-mass end are nevertheless providing powerful constraints on theoretical predictions, and hence on the assumed input physics in numerical studies of disk galaxy formation and evolution.
INTRODUCTION
Estimates of the cosmic baryon fraction, defined as the ratio of baryonic to total mass in the Universe, can be combined with constraints on the integrated mass function of galaxies to infer that most baryons in the Universe are in a hot, diffuse form at the present epoch (Balogh et al. 2001) . Cosmological simulations suggest that 30-40 per cent of all baryons reside in intergalactic filaments of shock-heated gas with temperatures 10 5 T 10 7 K, the so-called warm/hot intergalactic medium, WHIM (e.g. Cen & Ostriker 1999; Davé et al. 2001 ). X-ray absorption studies have provided observational evidence for such a component along the line of sight towards a number of quasars (e.g. Tripp et al. 2000; Nicastro et al. 2005; Savage et al. 2005) .
While most of the WHIM baryons are predicted to reside in structures of low overdensity, outside the dark matter halos of individual galaxies and groups of galaxies (Davé et al. 2001 ), a potential repository for some of the "hidden" baryons in the Universe could be extended halos of hot (∼ 10 6 −10 7 K) gas around individual galaxies, including spirals (e.g. Fukugita & Peebles 2006) . For massive galaxies, cosmological simulations suggest that the total mass of these "external" galactic baryons is comparable to that of stars and cold gas in the galaxies themselves (Sommer-Larsen 2006) . In a cosmological context, observational support for such a scenario comes from the angular correlations between the galaxy distribution and the soft X-ray background, which indicate the presence of soft X-ray emission from WHIM surrounding individual galaxies (So ltan 2006) .
The presence of extended hot gaseous halos around optically bright elliptical galaxies is well established from X-ray observations (e.g. O'Sullivan et al. 2001) . The idea that disk galaxies could also be embedded in such halos is integral to many semi-analytical models of disk galaxy formation (e.g., White & Rees 1978; White & Frenk 1991; Cole et al. 2000; Hatton et al. 2003; Bower et al. 2006; Croton et al. 2006) . In these models, galaxy dark matter halos are assumed to grow as predicted by spherical infall models, with gas accreting continuously along with the dark matter. During infall into the dark matter potential, the gas is heated, potentially to the halo virial temperature, subsequently cooling radiatively. If cooling is rapid, as is the case for characteristic gas temperatures T 10 6 K and hence relatively shallow potential wells, no accretion shock develops outside the evolving galactic disk. In these models, presentday spirals of total mass M 10 11 M ⊙ accrete gas which is predominantly in a cold, non-X-ray emitting phase at temperatures much lower than the virial tem-perature of their halo (Binney 1977; Birnboim & Dekel 2003; Binney 2004; Kereš et al. 2005; Dekel & Birnboim 2006 ). This 'cold accretion' mode would be particularly pronounced at high redshift, and would imply that most of the halo radiation is emitted as Lyα emission close to the disk. Indeed, observational support for this scenario is accumulating at both low and high redshift (e.g., van der Hulst & Sancisi 2004; Fraternali & Binney 2006; Nilsson et al. 2006; Sancisi et al. 2008; Smith et al. 2008) .
At higher galaxy masses and gas temperatures, the gas would emit at X-ray wavelengths but would cool less efficiently, and is then assumed in the models to flow in more slowly than in the fast-cooling regime. A hot Xray emitting halo can develop, in which the infalling gas is eventually deposited where dictated by its angular momentum. As in the 'cold accretion' mode, the gas may ultimately condense to form stars in a rotationally supported disk. In practice, thermal instabilities could act to locally reduce the cooling time of hot halo gas, so in addition to a classical central cooling flow, cooling may also proceed via fragmentation of halo gas into smaller clouds throughout the halo. The net result may be the formation of a multi-phase halo containing warm (T ∼ 10 4 K), pressure-supported clouds embedded in a large-scale hot corona. These clouds may then rain down onto the disk, possibly akin to some of the high-velocity Hi clouds seen around the Galaxy (e.g., Maller & Bullock 2004; Kaufmann et al. 2006; Sommer-Larsen 2006; Peek et al. 2008 ; but see also Fraternali & Binney 2008) . In the scenario proposed by Maller & Bullock (2004) , condensation and infall of such clouds would be very important for fueling MW-sized galaxy disks, although at least some numerical work suggests that this mode of accretion is subdominant at z = 0 (Sommer-Larsen 2006; Kaufmann et al. 2006; Peek et al. 2008) .
The general picture of massive disk galaxies embedded in hot gaseous halos has been backed by cosmological hydrodynamic simulations of galaxy formation (e.g., Toft et al. 2002; Kereš et al. 2005) , thus lending support to the general validity of the simplifying assumptions underlying semi-analytical models. For example, the simulations presented by Toft et al. (2002) showed the X-ray luminosity L X of hot halo gas to scale strongly with disk circular velocity v c (defined here as the rotation velocity at 2.2 times the disk scale-length; see Sommer-Larsen & Dolgov 2001 for details), with L X ∝ v 5−7 c , as also expected from semi-analytical models of galaxy formation. It is relevant to note, however, that all the massive galaxies in the Toft et al. (2002) study were formed in the old "standard" (Ω m = 1, Ω Λ = 0) cold dark matter cosmology, with a fixed primordial metal abundance and an assumed cosmic baryon fraction well below the currently accepted value. Thus, it seems timely to explore the hot halo predictions of more sophisticated higher-resolution simulations assuming the currently prevailing ΛCDM cosmology. This is one of the goals of this paper.
The existing theoretical results clearly suggest that Xray observations could provide a useful means of mapping any material accreting onto massive spirals at the present epoch. Direct observational verification of the above scenario has remained elusive, however. In a first study aimed at detecting cosmologically accreted gas halos around spirals, Benson et al. (2000) compared ROSAT X-ray observations of three massive, highly inclined spirals to predictions of simple cooling flow models. The failure of these authors to detect any hot gas around the galaxies translated into upper limits on the halo Xray luminosity which, for their best-constrained case of NGC 2841, was found to be a factor of 30 below their model prediction. While their models were deliberately simplified versions of general semi-analytical ones, the result persists that some hydrodynamical simulations and simple analytical models overpredict actual halo luminosities (Governato et al. 2004; Benson et al. 2000 and references therein), though the exact magnitude of this discrepancy has yet to be established.
Extended X-ray halos have been detected around numerous late-type star-forming spirals (see Strickland et al. 2004a; Tüllmann et al. 2006a and references therein). However, these galaxies typically have at least moderately high star formation rates ( 1 M ⊙ yr −1 ), with the detected halo X-ray emission coinciding with extraplanar Hα and radio continuum emission. The standard interpretation is that these multi-phase halos have been generated by star formation activity in the disk, with supernovae expelling hot, X-ray emitting gas, warm and/or photoionized Hα-emitting material, and radio synchrotron emitting cosmic ray electrons from the disk (Wang et al. 2001 (Wang et al. , 2003 Ehle 2004; Strickland et al. 2004a,b; Tüllmann et al. 2006a) . Unlike the expectation for gravitationally heated gas, the X-ray luminosity of the gas in the halos of these galaxies is found to correlate with various measures of the disk star formation rate and with the energy input rate by supernovae (SN), but -even when including the diffuse X-ray luminosity of the disk -not with baryonic or Hi mass in the disk (Tüllmann et al. 2006b ; see also Sun et al. 2007) .
Diffuse X-ray emission has also been detected around massive early-type (Sa-Sb) spirals such as NGC 4594 (the "Sombrero" galaxy) (Li et al. 2006 (Li et al. , 2007 . In these cases, the emission is not obviously associated with star formation in the disk, but the total diffuse X-ray luminosity from the disk and halo still falls well below expectations from cosmological accretion on the basis of the Toft et al. (2002) results. It has been speculated that much of the detected extraplanar emission in these galaxies is heated by SN Ia activity in the disk rather than by gravity (see, e.g., Wang 2007) .
Summarizing, the hot halos observed so far around spirals seem to result mainly as a consequence of stellar feedback in the disk rather than infalling intergalactic material. A possible exception is the Milky Way itself, a moderately star-forming galaxy for which indirect arguments can be used to ascertain the presence of an extended reservoir of hot gas possibly related to a gaseous halo (e.g. Moore & Davis 1994; Quilis & Moore 2001; Sembach et al. 2003; Bregman & Lloyd-Davies 2007; Wang 2007) . Despite this, it remains unclear whether any of this putative halo gas is actually cooling out to accrete onto the Milky Way disk, and if so, to what extent it can replenish the gas currently being consumed in the disk by star formation.
Sensitive X-ray observations of carefully selected systems are required to settle the question of whether substantial hot gas halos associated with infalling material exist around quiescent spirals at all. This would provide an important consistency check on the assumptions underlying existing disk galaxy formation models. Motivated by this, we initiated a Chandra search for hot X-ray gas surrounding massive, quiescent disk galaxies. As part of this program, the discovery of hot halo gas around NGC 5746, with a total X-ray luminosity of ∼ 4 × 10 39 erg s −1 , was reported by Pedersen et al. (2006) . In the present paper, we re-visit this issue in more detail using updated Chandra calibration data, describe our corresponding Chandra results for the less massive galaxy NGC 5170, and present new results from cosmological simulations of galaxy formation and evolution, for direct comparison to the observations. Contrary to the claim in Pedersen et al. (2006) , significant extraplanar emission surrounding NGC 5746 is not detected in our updated analysis.
In § 2 we outline our target selection and the analysis of X-ray and optical data. Results for both galaxies are presented in § 3 and compared to predictions of cosmological simulations and to results for generally more actively star-forming spirals in § 4. Some implications of our observational and theoretical results are discussed in § 5, and our findings and conclusions are summarized in § 6. A Hubble constant of H 0 = 73 km s
is assumed throughout. The distances to NGC 5746 and NGC 5170 as listed in NED are then 26.8 and 24.8 Mpc, respectively, with 1 arcmin corresponding to ∼ 7.7 and ∼ 7.1 kpc. Unless otherwise stated, uncertainties are reported at the 68 per cent confidence level.
2. GALAXY SAMPLE AND DATA ANALYSIS 2.1. Target Selection The primary objective of this study is to map and characterize any diffuse X-ray gas surrounding quiescent disk galaxies. Our starting point was therefore the simulation results of Toft et al. (2002) , in particular the result that halo X-ray luminosity L X should scale strongly with disk circular velocity v c . Hence, our target sample was drawn by searching the NED and HyperLeda databases for nearby spiral galaxies with circular velocity v c ≥ 280 km s −1 . According to the results of Toft et al. (2002) , this should ensure that the target galaxies are massive enough to generate and retain a large-scale X-ray halo detectable within reasonable Chandra exposure times. A further advantage of large v c lies in the fact that the efficiency with which SN outflows can escape the disk and complicate the interpretation of our results may be expected to decrease with increasing disk mass.
In addition, we required our targets to meet the following criteria: i) inclination i ≥ 80
• , to enable a clean separation between disk and halo gas; ii) distance D < 40 Mpc, for similar reasons, and to obtain a sufficiently strong X-ray signal; iii) Galactic latitude |b| > 30
• , to have a low column density of absorbing foreground Galactic hydrogen, given that any halo emission is expected to be fairly soft and thus subject to significant absorption by intervening material (this criterion excluded a galaxy like NGC 2613, studied by Li et al. 2006) ; iv) the galaxies should not be a member of a known X-ray bright group or cluster, nor show any significant signs of interaction, so as to include only undisturbed galaxies and avoid significant contamination from hot gas residing 35.7 31.9 Note. -Distances, positions, and magnitudes taken from the NASA/IPAC Extragalactic Database (NED). Disk circular velocity vc, D 25 (major and minor diameter of the ellipse outlining a Bband isophotal level of 25 mag arcsec −2 ), and inclination from the HyperLeda database. L IR is the total (8-1000 µm) infrared luminosity, based on IRAS fluxes and the relation of Sanders & Mirabel (1996) , and SFR the estimated star formation rates (see text for details). Absorbing column density N H is the Galactic value from Dickey & Lockman (1990) .
in an ambient intragroup/-cluster medium; v) in order to also minimize contamination from outflows of hot gas, the galaxies should be relatively quiescent, i.e. not show evidence for significant activity related to a starburst or an active galactic nucleus (AGN). This excluded galaxies such as NGC 891, which displays extraplanar X-ray, Hα, and radio emission associated with stellar feedback activity (see Temple et al. 2005 and references therein), and the strongly bulge-dominated Seyfert NGC 4594 (the 'Sombrero'), which hosts a ∼ 10 9 M ⊙ low-luminosity AGN (Fabbiano & Juda 1997; Bendo et al. 2006) . Imposing these strict criteria, only one galaxy remained, NGC 5746. We therefore relaxed the requirement on v c to include a second target, NGC 5170, which, although still massive, could act as a consistency check on our analysis procedure. NGC 5746 is an SBb spiral with a circular velocity v c = 318 ± 10 km s −1 (HyperLeda database), and NGC 5170 an Sc spiral with a significantly lower v c of 247 ± 3 km s −1 (Kregel et al. 2004 ). We note that our selection was not restricted to particular Hubble types, but given the v c ≥ 280 km s −1 criterion, the selection method is likely to bias against late-type spirals. Since such galaxies are likely to display higher star formation activity at present than early-type ones, this criterion is in turn likely to favor relatively quiescent spirals, as desired. Salient parameters of the observed galaxies are listed in Table 1 .
As the goal of this study is to constrain the amount of infalling hot halo gas, the requirement of low levels of disk activity is particularly important for ensuring minimal contamination of the extraplanar X-ray flux from outflowing hot gas. In terms of their star formation rate (SFR), both galaxies are indeed fairly quiescent, as already evidenced by the fact that none of them is included in the revised catalog of bright IRAS galaxies (Sanders et al. 2003) , despite their close proximity and large mass. Their IRAS 60 and 100 µm fluxes S 60 and S 100 , taken from Moshir et al. (1990) for NGC 5746 and Rice et al. (1988) for NGC 5170, translate into global SFRs of 0.9 ± 0.2 (NGC 5746) and 0.5 ± 0.1 M ⊙ yr −1 (NGC 5170), using the relations of Sanders & Mirabel (1996) and Kennicutt (1998) . This is equivalent to specific (area-normalized) SFRs of ∼ 4 × 10 −4 (NGC 5746) and ∼ 2 × 10 −4 M ⊙ yr −1 kpc −2 (NGC 5170), assuming a circular disk of radius equal to the semi-major axis of D 25 . For comparison, the moderately quiescent Milky-Way disk displays an SFR of ∼ 2 M ⊙ yr −1 (see e.g. Casuso & Beckman 2004) , corresponding to ∼ 3 × 10 −3 M ⊙ yr −1 kpc −2 . Both galaxies furthermore display low far-infrared 'temperatures' of S 60 /S 100 ≈ 0.15 (NGC 5746) and 0.22 (NGC 5170), and their far-infrared luminosities L FIR imply "mass-normalized" star formation rates L FIR /L B ≈ 0.06, further indicative of low star formation activity (see e.g. Read & Ponman 2001 for details) .
From a Chandra study of extraplanar X-ray emission around nearby disk galaxies covering a range of morphologies and star formation rates, Strickland et al. (2004b) derived a criterion for gas blow-out by supernovae based on the observed properties of the interstellar medium in typical spirals. They find on theoretical grounds that in order to have a collection of near-simultaneous SN expel gas from the disk, the requirement F SN, FIR, D25 25 SN Myr −1 kpc −2 must be satisfied. In their notation, F SN,FIR,D25 is the rate
. Indeed, for the eight out of ten spirals in their sample with detected extraplanar X-ray emission, they find F SN, FIR, D25 40 SN Myr −1 kpc −2 . Figure 1 compares the core-collapse SN rates of the galaxies in the Strickland et al. (2004a,b) sample to those inferred for our target galaxies using the same methods. The additional galaxies of Tüllmann et al. (2006a) from a comparable XMM-Newton study have also been plotted. Both our targets clearly lie in a regime in which ejection of detectable hot gas by SN would not be anticipated. While these results neglect the contribution from type Ia SNe, low specific SN Ia rates of ≈ 4.7 (NGC 5746) and 3.3 SN Myr −1 kpc −2 (NGC 5170) can be estimated, using the prescription adopted by Mannucci et al. (2005) and the K-and B-band magnitudes listed in Table 1 . Adding these to the results in Fig. 1 clearly still places both galaxies well below the blowout criterion derived by Strickland et al. (2004b) . These results suggest that any extraplanar emission surrounding our targets will be largely uncontaminated by emission from supernovadriven outflows of hot gas, enabling reliable constraints on the physical properties of any accreting material.
Observations and Analysis
Both disk galaxies were observed by Chandra with the ACIS-I array as aimpoint and with the CCD's at a temperature of −120
• C. Data were telemetered in Very Faint mode which allows for superior background suppression relative to standard Faint mode. To exploit this, the data were reprocessed and background screened using ciao v3.4 with CALDB 3.4.1. Bad pixels were screened out using the bad pixel map provided by the reduction pipeline, and remaining events were grade filtered, excluding ASCA grades 1, 5, and 7. Periods of X-ray halo detected X-ray halo undetected
Fig.
1.-Comparison of the specific core-collapse SN rates estimated for our target galaxies (stars) to those in the disk galaxy sample of Strickland et al. (2004a,b) (triangles) and Tüllmann et al. (2006a) (squares) . Galaxies with detected extraplanar X-ray emission (in all cases attributed to stellar feedback) are represented by filled symbols. The dashed line marks the expected critical SN rate, ∼ 25 SN Myr −1 kpc −2 , above which SN are expectedly capable of expelling gas from the disk.
high background on the ACIS-I chips were filtered using 3σ clipping of the 0.3-12 keV lightcurves extracted in off-source regions in 259-s bins. Resulting lightcurves showed no strong flaring periods, leaving a total of 35.7 ks (NGC 5746) and 31.9 ks (NGC 5170) of cleaned exposure time.
Point source searches were carried out with the ciao task 'wavdetect' using a range of scales and detection thresholds, and results were combined. A total of 126 (NGC 5746) and 111 (NGC 5170) point sources were detected in the two observations, of which 20 and 17 sources, respectively, are located inside the D 25 ellipses. Point source extents were quantified using the 4σ detection ellipses from 'wavdetect', and these regions were masked out in the analysis of diffuse emission. Further details of the X-ray analysis are described below.
In addition to the X-ray data, we also obtained Hα images of both galaxies with the Danish 1.54-m telescope at La Silla, Chile, for total exposures of 120 (NGC 5746) and 160 min (NGC 5170). In both cases, 20 min Rband images were also taken for subsequent continuumsubtraction. The frames were bias-subtracted, flatfielded, and median-combined using standard iraf procedures. Using the R-band image of each galaxy, we estimated and subtracted the continuum emission contribution to the Hα image as follows. The two combined images were normalized to the same exposure time, and the R-band image was smoothed with a Gaussian kernel to match the broader point spread function of the Hα image. The smoothed R-band image was then scaled to match the narrower width of the Hα filter and subtracted from the Hα image. For NGC 5746, the background in the resulting continuum-subtracted Hα image had a large-scale gradient caused by stray light from a star just outside the field of view. We modeled this using the SExtractor software (Bertin & Arnouts 1996) with options set to save a full resolution interpolated background map. Parameters were optimized to generate a map sufficiently fine to represent large scale variations, and sufficiently coarse so as not to include local non-background structures (such as an Hα halo around the galaxy). The resulting background map was then subtracted from the Hα image.
3. RESULTS
X-ray and Hα Emission
In order to aid the search for diffuse X-ray emission around either galaxy, smoothed, exposure-corrected 0.3-2 keV images were created for both using two separate methods. One involved smoothing the images with a simple Gaussian kernel, while in the other we generated background-subtracted images following the procedure outlined in Rasmussen et al. (2006) . In either case, the resulting images were exposure-corrected using similarly smoothed exposure maps. The overall impression conveyed by these images is qualitatively similar, suggesting very little diffuse emission beyond the optical disk of either galaxy. Given the expected weakness of any halo signal, we here only discuss the simple Gaussian smoothed images, so as to accommodate any concerns that adaptive smoothing may introduce spurious features for these low-S/N data. Fig. 2 shows our Hα images of the central 12 × 12 arcmin region around each galaxy, with the Gaussian smoothed X-ray contours overlayed, and with the optical extent of the galaxies outlined by their respective D 25 ellipses. Clearly, both diffuse and point-like X-ray emission is detected within the optical disks of both galaxies, but there is no immediate indication of any diffuse X-ray or Hα emission extending well beyond the disks.
In order to perform a more quantitative search for diffuse X-ray emission around the galaxies, and confirm the overall impression conveyed by Fig. 2 , we generated 0.3-2 keV surface brightness profiles of the unsmoothed, exposure-corrected emission. Point sources, chip gaps, and emission inside D 25 were masked out. Radial profiles extracted within r = 40 kpc (r ≈ 5 arcmin for NGC 5746) are shown in Figure 3 , binned into ten equal-sized radial bins for improved S/N, and with the background level in the data evaluated from a surrounding (r = 5.5-7.5 arcmin) point source-excised annulus.
These profiles support the conclusion that no significant detectable X-ray emission surrounds either galaxy on large scales. We confirmed that this result does not depend on the specific choice of radial binning scheme. While the NGC 5170 profile shows emission outside D 25 which is everywhere consistent with a constant level equal to the estimated mean background level, the profile for NGC 5746 does show some deviations from a uniform level. Excess emission is detected in the radial bin immediately outside the optical disk at 2.2σ significance, suggesting the presence of faint extraplanar emission at ∼ 5-10 kpc from the galactic center. We investigate this in more detail in the inset in Fig. 3a , which displays the NGC 5746 profile extracted in bins perpendicular to the disk. This plot confirms that the excess is not an artifact of the adopted binning scheme, while also indicating that the excess may be largely confined to the eastern side of the disk. However, since the signal is only nominally significant at the ∼ 2σ level and is comprised of only 15 net photons, we do not consider it robust evidence of diffuse halo emission associated with NGC 5746. It is also worth remarking that a comparably significant deficit of emission is seen at larger radii (r ≈ 3.5-4 arcmin), suggesting that the excess may be a spurious feature introduced by local fluctuations in the background level, perhaps caused by the presence of point sources just below our detection limit.
Inside the circular aperture underlying Fig. 3 , i.e. with the D 25 ellipse excluded, we detect a total of 38 net photons in 0.3-2 keV for NGC 5746, corresponding to emission at just 0.8σ above the background. The corresponding result for NGC 5170 shows a deficit of 101 photons (significant at 2.1σ) relative to the surrounding background. Qualitatively similar results are obtained in narrower energy bands such as 0.5-1.5 keV, in which the number of source photons is obviously lower but the ACIS-I S/N from any absorbed T ∼ 0.2−0.3 keV plasma should be higher. Hence, the immediate conclusion is that no statistically significant diffuse X-ray emission is detected outside the optical disk of either galaxy on these scales.
In other cases where diffuse X-ray emission has been reported around spirals, this emission is typically accompanied by extended Hα and radio halos, with similar overall morphologies (e.g., Strickland et al. 2004a; Tüllmann et al. 2006a ). Although there is no indication in Fig. 2 of significant extraplanar Hα emission around NGC 5746, we investigate this possibility in more detail in Fig. 4 , where we show the surface brightness profile of the Hα emission perpendicular to the disk of this galaxy. As can be seen, there is no evidence for significant amounts of Hα gas outside the optical extent of the disk. Note that the dip in the Hα profile 10 arcsec east of the D 25 center is due to a dust lane also visible in broadband optical images. For NGC 5170, a similar study has been performed by Rossa & Dettmar (2000) , who find no evidence for extraplanar diffuse Hα emission surrounding this galaxy in an Hα exposure of similar depth to ours. There is also no indication of significant extraplanar radio emission around either galaxy in the public NRAO VLA Sky Survey (NVSS) 1.4 GHz data of Condon et al. (1998) . For NGC 5746, this conclusion is further supported by the NVSS flux density profile extracted from these data, as shown in Fig. 4b . These results provide further testimony to the low star formation activity of both our galaxies, and support the assumption based on Fig. 1 that our constraints on X-ray emission associated with any gas accreting onto these galaxies are not subject to serious contamination by emission from disk outflows. Pedersen et al. (2006) The absence of significant detectable diffuse emission around NGC 5746 contrasts with the earlier result of Pedersen et al. (2006) in which a 4σ detection of halo emission was claimed, with a 0.3-2 keV luminosity L X = 4.4
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39 erg s −1 and a plasma temperature of T = 0.56
−0.20 keV. Although the modest significance of the detection renders this result tentative rather than conclusive, the difference with respect to our present conclusion demands an attempt at an explanation. We speculate that this discrepancy arises due to a change in the calibration of the time-dependent degradation of the lowenergy ACIS CCD quantum efficiency, a possibility also advocated by Wang (2007) . This degradation is believed to be caused by a build-up of molecular ice on the Chandra/ACIS optical blocking filters or CCD's 1 , an effect which was known but still not well understood at the time of our original analysis in Pedersen et al. (2006) .
The properties of the contaminant has remained the focus of continued measurements and is considerably better understood at present. In particular, a model of the spatial dependence of the contaminant was introduced with the calibration data in CALDB v. 3.0. However, the analysis of Pedersen et al. (2006) was performed using CALDB v. 2.26, with which the contamination could only be appropriately corrected for in the case of an onaxis source. As contamination is observed to increase towards the edges of the ACIS array, not correctly accounting for this spatial variation will introduce a spurious signal in exposure-corrected low-energy ACIS-I images, appearing as faint diffuse emission whose surface brightness decreases with distance from the CCD aimpoint. It will also lead one to underestimate the soft X-ray background at large off-axis angles.
We conducted a few tests to explore whether this effect could account for the halo signal detected by Pedersen et al. (2006) . At a photon energy E = 0.7 keV, close to the flux peak energy of a T ≈ 0.6 keV thermal plasma (the halo temperature inferred by Pedersen et al. 2006) , the additional optical depth towards the edges of the CCD arrays can be 0.3-0.5 for data taken around the time of our observations (see previous footnote), implying an apparent reduction in surface brightness at large off-axis angles to 60-75% of the on-axis value. The best-fit (halo plus background) surface brightness model reported by Pedersen et al. (2006) in fact declines at large distances from the NGC 5746 disk to about 75% of the value seen immediately outside the optical disk (at |z| ≈ 1.5 ′ ), consistent with the expectation for the spatial variation of the contaminant.
As a further test of this hypothesis, we re-consider the spectral analysis described by Pedersen et al. (2006) , in which a double-subtraction approach was employed for the extraction of a background spectrum. This involves extracting a background spectrum for the same detector region as the source region, using blank-sky background data prepared in a similar manner to the source data. This procedure is then repeated for a large-radius annulus, in order to obtain a residual background spectrum that helps to account for any difference in soft X-ray background between source-and blank-sky data. This residual spectrum is then added to the source-region blank-sky spectrum to produce a composite background spectrum. We here repeated the exact same procedure as in Pedersen et al. (2006) , while employing the more recent calibration files included with CALDB 3.4.1. In order to mimic the effect of underestimating the soft X-ray background at large radii, as implied by our hypothesis, the normalization of the soft residual spectrum was artificially scaled down so as to achieve ∼ 200 net counts in the source region as reported by Pedersen et al. (2006) . The resulting background-subtracted source spectrum was then fitted precisely as in our original analysis, yielding a best-fit temperature and unabsorbed 0.3-2 keV luminosity of T = 0.56
39 erg s −1 , respectively, with χ 2 = 7.1 for 9 degrees of freedom. These values are strikingly similar to those obtained by Pedersen et al. (2006) . In summary, both the spatial and spectral properties of the diffuse X-ray halo around NGC 5746 reported by Pedersen et al. (2006) are consistent with the hypothesis that the apparent halo signal was an instrumental artifact caused by the spatial variation in the degradation of the low-energy ACIS quantum efficiency, an effect which our original analysis could not take into account.
The question then arises as to why this calibration problem did not lead to a similar spurious detection of a hot halo around NGC 5170, given that the two galaxies were observed with ACIS-I within one month of each other and with comparable exposure times. The low signal-to-noise ratio outside the disk in both data sets, including that of the original halo "detection" around NGC 5746, precludes robust conclusions in this regard however, so we can only offer some general considerations. We note that we find no statistically significant differences in the background level between the two data sets in any of a dozen different energy bands or largeradius background regions considered, so global background differences are unlikely to play a major role. The slightly different data preparation criteria applied in our updated analysis could have some impact though, changes in the calibration data aside. For example, our lightcurve screening employs somewhat larger time bins, and has removed a previously undetected minor flare at the end of the NGC 5170 observation. Our current point source search is also slightly more sophisticated, and has resulted in the identification of ten additional point-like sources in the NGC 5170 data (but none such for NGC 5746), of which seven are outside the disk. In combination with the slightly shorter exposure time obtained for NGC 5170, these issues may have played a role in suppressing any faint spurious signal that could mimic diffuse X-ray emission around this galaxy. In addition, we cannot exclude the possibility that the spurious halo signal around NGC 5746 had an additional contribution not present in the NGC 5170 data, e.g. from faint unresolved sources, such as the one hinted at immediately east of the NGC 5746 disk in Figs. 2 and 3a. 3.3. Constraints on Halo Gas Properties Based on the absence of detectable extraplanar emission around either of our targets, we can constrain some basic properties of any hot halo gas surrounding these galaxies. In this context, it is important not to confuse the signature of cooling halo gas with X-ray emission related to processes in the disk, such as the integrated emission from unresolved discrete sources and from hot gas heated by supernovae and stellar winds. The optical disk of either galaxy is thus excluded in the following analysis. On the other hand, the apparent absence of significant X-ray, Hα, or radio emission outside the opti- 
> 7.9 < 0.3 NGC 5170 0.2 (fixed) 0.2 (fixed) < 7.5 × 10 39 < 5.3 × 10 −4 < 3.4 × 10 9 > 2.3 < 1.5 Note. -All constraints are given at 3σ significance and are derived within r = 40 kpc, with the D 25 ellipses excluded. L X is given in the 0.3-2 keV band, corrected for Galactic absorption, and Ṁ ≈ M hot / t cool is the mean cool-out rate of hot gas within the assumed aperture.
cal disks, combined with the low specific star formation and supernova rates of the galaxies as discussed in § 2, suggest minimal contamination from outflows of hot gas driven beyond the optical disk of either galaxy by stellar feedback. Hence, we base our constraints on the amount of accreted hot halo gas on the net count rate limits evaluated inside the circular apertures underlying Fig. 3, i. e. a region extending to r = 40 kpc from immediately outside the D 25 ellipse of each galaxy.
In order to convert observed count rate limits into constraints on the halo X-ray flux, we assume that the spectrum of any hot halo gas can be described by a thermal plasma with a given temperature, metal abundance, and volume filling factor (adopting the APEC model in xspec v11.3). In the absence of direct observational information on these quantities, we resort to more indirect observational constraints and to simulation results. For example, cosmological simulations predict a remarkably tight correlation between the temperature of infalling hot gas and v c of the disk ( § 4 below; see also Toft et al. 2002) , with T being in good agreement with a simple expectation for the virial temperature T vir ≈ (1/2)µm p v 2 c of the underlying dark matter halo. We therefore nominally assume T = T vir ≈ 0.3 and ≈ 0.2 keV for any halo gas around NGC 5746 and NGC 5170, respectively, based on the disk circular velocities listed in Table 1 . As further justification of this choice, we note that gas much colder than T vir would mainly emit at UV wavelengths and likely be subject to rapid cool-out to T 10 4 K, while gas much hotter would be subject to evaporation from the galactic gravitational potential. These situations are manifestly distinct from the case of a gravitationally confined hot halo composed of infalling shockheated material as seen in our simulations, but it is the amount and properties of any such material that is the focus of our attention.
We further note that outside the galactic disks themselves, the emission-weighted metal abundance of the Xray gas in these simulations displays a mean and standard deviation of Z = 0.2 ± 0.1 Z ⊙ , which is consistent with observational results for the low-redshift intergalactic medium (Danforth et al. 2006) , for the outskirts of groups (Rasmussen & Ponman 2007) and clusters of galaxies (e.g., Tamura et al. 2004) , and for the intergalactic filaments from which these structures accrete material (Finoguenov et al. 2003) . Hence, for the purpose of our spectral analysis, we here consider a fiducial value of Z = 0.2 Z ⊙ for the halo metal abundance (while noting that the mass-weighted abundance in the simulations is substantially lower, as discussed in § 4.3). Finally, for the volume filling factor η of hot gas, a value of unity is assumed for simplicity, since our simulations ( § 4) indicate high values of η ≈ 0.8-1.
Using these assumptions and the appropriate ACIS-I response files, observed count rate limits were translated into corresponding constraints on the APEC plasma model normalization A,
where D is the assumed distance (Table 1) , and n e and n H are the number densities of electrons and hydrogen atoms, respectively. The integral represents the emission integral I e ≡ n e n H dV ≈ ηn 2 e V of the hot halo gas inside the covered volume V . From the resulting constraint on I e , we obtained upper limits to the mean hot gas density n e ∼ (I e /V η) 1/2 ≈ (I e /V ) 1/2 and total hot gas mass M hot ∼ m p n e V inside V . For V itself, a spherical volume of r = 40 kpc was assumed, with the D 25 "cylinder" excluded along the line of sight. Using the cooling curves Λ(T, Z) of Sutherland & Dopita (1993) , we also derived constraints on the mean cooling time t cool ≈ 3kT /(Λ n e ) and cool-out rate Ṁ ≈ M hot / t cool of hot gas inside this volume. Table 2 summarizes the derived constraints on halo properties for both galaxies, where all values have been obtained from the 3σ upper limits on the observed halo count rates using the nominal values of T , Z, and η discussed above. Note that although the two galaxies are roughly at the same distance, the combination of shorter exposure time, higher Galactic absorbing column, and assumed lower gas temperature of the NGC 5170 halo, leads to less tight constraints on the hot halo properties for this galaxy. The lower temperature is particularly important, as Chandra is not very sensitive to gas at T 0.2 keV.
Although we have attempted to assume realistic values of T , Z, and η for the halo gas, it is worth briefly illustrating the impact of these assumptions on the derived quantities. In particular, tighter constraints would result for either galaxy if assuming a higher halo temperature or metallicity. For our best constrained case of NGC 5746, increasing both the assumed T and Z by 50% compared to the adopted values in Table 2 would reduce our upper limits on L X and M hot by roughly 30%, while doubling the lower limit on t cool . For NGC 5170, the corresponding changes would be a 40% reduction of L X and M hot , with t cool increasing by a factor 2.8. Also note that if employing uncertainties at the 90% confidence level rather than the more conservative 3σ limits in Table 2 , we would instead obtain L X < 2.2 (4.1)×10
39 erg s −1 and M hot = 1.7 (2.5)×10
9 M ⊙ for NGC 5746 (NGC 5170). As will be apparent, none of these modifications would affect our overall conclusions.
COMPARISON TO SIMULATIONS OF GALAXY
FORMATION The lack of any detectable extraplanar hot gas related to stellar feedback is not surprising for either of our target galaxies, given the absence of any corresponding extraplanar Hα or radio emission. The derived constraint on the hot halo luminosity of NGC 5746, however, is also an order of magnitude below the naive expectation from the Toft et al. (2002) simulations for cosmologically accreted gas around a galaxy of this circular velocity. Care should be exercised in directly comparing the Toft et al. (2002) predictions to our results though, as the former also include the emission from within the optical disk. Moreover, as mentioned in § 1, all the massive (v c 250 km s −1 ) galaxies in the Toft et al. (2002) study were formed in the old "standard" CDM cosmology (Ω m = 1, Ω Λ = 0), with an assumed cosmic baryon fraction f b = 0.05 or 0.10, well below current estimates (f b = 0.17; Spergel et al. 2007) , and with no metal-dependence on the radiative cooling rate. The aim of this section is to explore the predictions of more sophisticated higher-resolution simulations assuming the currently prevailing ΛCDM cosmology, and test whether these can accommodate the observational constraints obtained for both our galaxies.
Cosmological Simulations
For this purpose, we have employed cosmological TreeSPH simulations of galaxy formation and evolution in a flat (Ω m = 0.3, Ω Λ = 0.7) ΛCDM cosmology. The code, described in detail in Sommer-Larsen et al. (2005) and Romeo et al. (2006) , incorporates energetic stellar feedback in the form of starburst-driven galactic winds. Contrary to our earlier simulations used by Toft et al. (2002) to predict halo properties (as discussed in § 1 and § 2), the present simulations also incorporate selfconsistent chemical evolution of the gas, including noninstantaneous recycling. They have also been evolved in time according to the entropy equation solving scheme of Springel & Hernquist (2002) , rather than being based on the thermal energy equation, a modification which provides increased numerical accuracy in lower-resolution regions. In addition, the present simulations assume a cosmic baryon fraction of f b = 0.15 and have all been run from an initial redshift of z = 39 with a mass resolution eight times higher than those described by Toft et al. (2002) . At 0.5 Gyr before z = 0, each hot gas particle in the simulations was further split into 64 equal-mass particles to provide additional resolution of the hot gas phase, a procedure very similar to the one described by Peek et al. (2008) based on the same cosmological simulations. The final gas-phase resolution is thus 512 times that of the Toft et al. (2002) simulations, with the best resolved individual galaxies at z = 0 featuring a total of ∼ 1.3 × 10 5 hot gas particles within the central r = 100 kpc, a hot gas mass resolution of ∼ 1.7×10 4 M ⊙ , and an SPH smoothing length of h SPH ≈ 1.5 kpc. As discussed by Peek et al. (2008) , this resolution is sufficient to track thermal instabilities in the hot halo gas that may lead to the formation of warm (T ∼ 10 4 K) clouds within the ambient halo.
Although the simulation code includes stellar feedback, optionally enhanced to mimic AGN outflows, powerful starburst-driven winds only occur in the simulations at early times (z 4-5), where they help to solve the angular momentum problem, the missing satellites problem, and possibly other problems related to the cold dark matter scenario (see, e.g., Sommer-Larsen et al. 2003) . At z 4, the SN II feedback is quite moderate in our simulations; for a typical v c = 220 km s −1 disk galaxy, the star formation rate at z = 0 is ∼ 0.5 − 1 M ⊙ yr −1 , comparable to the modest star formation rate of the Milky Way disk. The feedback of the individual star particles in the simulations is furthermore spatially and temporally uncorrelated (this is particularly true for SN Ia, whose mechanical, but not chemical, feedback is consequently neglected), so galactic winds do not easily develop at low redshift (see also Dahlem et al. 2006 ). Hence, a comparison between the simulation output at z = 0 and our two relatively quiescent galaxies seems justified. It is worth emphasizing that the feedback strength in the simulations is calibrated to reproduce the optical and morphological properties of observed galaxies. The X-ray emission is thus predicted without any additional adjustable parameters.
For the calculation of X-ray properties of the simulated galaxies, we followed the general procedure outlined by Toft et al. (2002) . For each of the simulated galaxies at z = 0, a catalog of SPH gas particle positions, densities, temperatures, and masses was created. Each SPH particle was treated as an optically thin thermal plasma, and the associated X-ray luminosity calculated at the relevant position in a given photon energy band using the meka plasma emissivity code (Mewe et al. 1986 ). Total X-ray luminosities were then computed by summation over all particles in the volume of interest. The greatly increased numerical resolution of the present simulations at z = 0 allowed us to bypass the additional smoothing over the individual gas particles employed by Toft et al. (2002) . However, as mentioned above, the increased resolution also facilitates the formation of small clouds within the hot halo via local thermal instabilities. Since the presence of such relatively dense and cold clouds may unphysically boost the X-ray output of the hot gas in its immediate vicinity (due to the local smoothing of particle properties inherent in SPH techniques), hot gas particles within h SPH of "cold" (T < 3×10 4 K) gas were discarded from the X-ray calculations. The removed gas generally constitutes an insignificant fraction ( 1%) of the total hot gas mass considered.
A few comparisons between NGC 5746 and results from an earlier version of these simulations were performed in Pedersen et al. (2006) . Here we present a more detailed comparison based on the updated Chandra analysis of NGC 5746, while also including the results for NGC 5170 and for other, more actively star-forming, spirals as taken from the literature. Further comparisons are made to our previous results described in Toft et al. (2002) , with the X-ray properties of the latter here re-calculated for the adopted aperture and energy band. However, in order to provide as fair a comparison as possible between the two simulation samples, we only consider the subset of the Toft et al. (2002) galaxies that was formed formed in simulations assuming the same flat (Ω m = 0.3, Ω Λ = 0.7) ΛCDM cosmology as adopted in our new simulations, and which assumed f b = 0.10 (along with a fixed primordial chemical gas composition). Note, as mentioned 
Hot Halo X-ray Luminosities
One of the hot halo properties that can be most straightforwardly compared to observations is the diffuse X-ray luminosity. For all simulated galaxies, we derived the halo L X within the aperture also adopted for the NGC 5746 halo analysis (i.e. a spherical volume extending to r = 40 kpc, with the D 25 ellipse excluded as described in § 3.3). The results are presented in Figure 5 , which shows a clear trend in hot halo L X with galaxy mass, measured by v c , for the simulated galaxies. Also shown are the observational constraints on the halo luminosities of NGC 5170 and NGC 5746. The simulation results are generally consistent with the constraints obtained for our observed galaxies, and we conclude that, within the adopted apertures, the lack of detectable extraplanar X-ray emission around either target agrees with these updated predictions for emission from cosmologically accreted gas.
There seems to be reasonable agreement between the results of Toft et al. (2002) and those of our newer simulations, but with a tendency towards a somewhat lower L X at a given v c for the latter. For example, for Milky Way-sized galaxies (v c in the range 200-250 km s −1 ), the mean halo luminosity for the Toft et al. (2002) galaxies is 1.4 × 10 38 erg s −1 , 75% higher than the corresponding result for the more recent simulations. We attribute this in part to the increased numerical resolution of the latter, as discussed in more detail later. Nevertheless, the pseudo-bolometric (0.01-10 keV) halo luminosities L X,bol in our new simulations remain consistent with the L X ∝ v 5−7 c relationship found by Toft et al. (2002) , with an orthogonal regression fit in log L X -log v c space yielding L X,bol ∝ v 5.0±0.7 c for the new simulations. It is interesting to note that this dependence on the characteristic stellar velocity of the system mirrors that of the diffuse gas in early-type galaxies, whose X-ray luminosity roughly obeys L X ∝ L 2 B ∝ σ 6−7 (based on the Faber-Jackson relation and the L X -L B relation of O'Sullivan et al. 2001) .
The amount of hot X-ray gas surrounding the galaxies in our simulations depends not only on the mass of each galaxy's dark matter halo but also on the detailed accretion history of this halo. Numerical calculations indicate that accretion histories of galaxy-sized halos can be highly disparate even for isolated galaxies of comparable mass (e.g. van den Bosch 2002; De Rossi et al. 2008) . Hence, any dependence of hot halo properties on v c can a priori be expected to be subject to considerable scatter. Indeed, despite the clear trend in L X with v c for the simulated galaxies, it is important also to emphasize the considerable variation in predicted halo L X at a given circular velocity in Fig. 5 . For example, the two most massive galaxies in our new simulation sample display a factor of five variation in 0.3-2 keV L X within the adopted aperture and yet are separated in "mass" by only ∆v c = 13 km s −1 , comparable to typical observational uncertainties on v c . This large variation at a given v c is clearly an issue to keep in mind when comparing predicted and observed halo luminosities, or when attempting to predict hot halo fluxes for actual galaxies on the basis of simulation results.
In order to also facilitate comparison of the simulation predictions to other observational results, we have compiled available constraints from the literature on extraplanar emission seen around other spirals, although we make no claims as to the completeness of this compilation (note though that we have not included the results of Sun et al. 2007 , because it is not entirely clear to what extent, if any, these spirals show extraplanar emission). These results are also included in Fig. 5 , but we stress that the halo luminosities in these cases have not necessarily been derived within the same aperture as adopted for NGC 5746 and our simulated galaxies. For example, the results of Strickland et al. (2004a) were all derived at a distance |z| > 2 kpc from the disk midplane. If instead adopting this aperture, the increase in L X predicted for our simulated galaxies is at the 10-40 per cent level, with no systematic dependence on v c . We expect similar corrections for the apertures used for the additional galaxies in the Tüllmann et al. (2006a) sample, where halo X-ray properties were constrained outside the Hα disk, again typically at |z| > 2 kpc from the midplane. These changes are relatively small, well within the scatter seen for the simulated galaxies.
The Li et al. (2006 Li et al. ( , 2007 results in Fig. 5 include unresolved emission within regions of the optical disk (though with the prominent dust lane in the Sombrero galaxy excluded; Li et al. 2007 ). Hence, the true halo luminosities of these galaxies should be somewhat lower than indicated in this figure, although the apertures employed by Li et al. extend to smaller radii than adopted for NGC 5746 and hence our simulated galaxies. We include these two data points in Fig. 5 for completeness, in particular because the result for the massive (v c ≈ 359 km s −1 ; HyperLeda database) Sombrero galaxy clearly poses a strong constraint on theoretical models, and since Fig. 5 suggests that the impact of its ∼ 10 9 M ⊙ supermassive black hole on the diffuse L X must be rather modest. We also note that a very low halo X-ray luminosity of 3 × 10 38 erg s −1 has been reported for the v c ≈ 250 km s −1 Sb spiral NGC 4565 (Wang 2005) . This result would be broadly consistent with the new simulation predictions in Fig. 5 if assuming similar apertures. However, the result may be affected by emission from a nearby background cluster of galaxies (Wang 2005) , and the details of the Chandra analysis have not been published, so we have chosen not to include this data point in Fig. 5 .
Keeping the above caveats in mind, Fig. 5 indicates that the theoretical predictions can generally be accommodated by the observational results for the (presumably mainly starburst-generated) hot halos seen in other studies. The latter show X-ray luminosities for low-and intermediate-mass spirals which are up to three orders of magnitude above the simulation results at a given v c but which are also roughly independent on v c and show considerably larger scatter at a given v c . It is, nevertheless, interesting that X-ray observations of high-v c spirals (e.g., Li et al. 2007 ) are now providing luminosity constraints which are comparable to simulation predictions within the assumed aperture.
Halo Gas Temperatures
The inferred temperature of the hot halo gas in observations and simulations is a useful diagnostic of the nature and origin of this gas. Figure 6 shows the emissionweighted temperature T of hot halo gas against v c , for all gas within the (100 kpc) 3 simulation volume surrounding each simulated galaxy. The predictions for the halo temperature are generally very similar to the expected virial temperature T vir ∝ v 2 c , as anticipated for accreting, shock-heated material, but with a slight tendency for T to mildly exceed T vir . A plausible explanation for this is that our estimate of T is dominated by emission close to the disk, where the gas temperature rises slightly above T vir , as demonstrated below. We note that a halo gas temperature slightly exceeding the virial temperature of the dark matter is also a generic feature of the phenomenological hot halo models considered by Fukugita & Peebles (2006) .
In contrast to the clear T -v c trend exhibited by the simulation sample, published temperatures for the Strickland et al. (2004a) and Li et al. (2006 Li et al. ( , 2007 samples show no obvious systematic dependence on v c (note that single emission-weighted halo temperatures are not available for the samples of Wang et al. (2003) or Tüllmann et al. (2006a) , so these galaxies are not included in this plot). Any trend with v c for the observed galaxies must thus be subject to considerable scatter, and is possibly modulated by a dependence on additional parameters such as the star formation rate. Also note the absence of observed data points with T 0.2 keV in the plot, which is at least in part related to the difficulty of detecting such low-temperature gas with Chandra or XMM. This also applies to the very low-v c M82 -excluded here for reasons of clarity but included in Fig. 1 for which Strickland et al. (2004a) list separate temperatures of 0.27 and 0.37 keV for the halo regions covered by ACIS-S and ACIS-I observations, respectively.
For the galaxies with detected extraplanar emission, the lack of a clear systematic trend in both L X and T with v c , and hence galactic mass, strongly argues against a gravitational origin for this extraplanar emission. This interpretation gains support from the facts that the hot halo temperatures of these galaxies consistently exceed the virial temperatures expected from the circular velocity of the disk and are furthermore invariant with respect to L X over four orders of magnitude in SFR (Grimes et al. 2005) . In general, the halo gas is almost certainly related to galactic wind or fountain activity in these cases, rather than representing externally accreted material. Indeed, unambiguous kinematic evidence for outflows perpendicular to the disk has been uncovered in many of these galaxies (Strickland et al. 2004b and references therein).
A single-temperature model was assumed when constraining hot halo properties of our observed galaxies in § 3.3. To test the validity of this assumption, we investigate spatial variations in the predicted hot halo temperature in Fig. 7 , in the form of emission-weighted temperature profiles extracted perpendicular to the disk. The reasonably uniform temperature distribution predicted outside the disk suggests that our assumption of a single-T model for the observed galaxies is well motivated. The one exception is the lowest-v c galaxy, which exhibits a very prominent warp in the cold gas distribution that also affects the temperature distribution of its hot gas, giving rise to the abrupt change seen around |z| ≈ 25 kpc. We note that a qualitatively very similar picture to that in Fig. 7 applies to the metal abundance of hot halo gas, once again supporting the simplifying assumption of a single hot gas phase adopted in § 3.3. This is true irrespective of considering the emission-or massweighted abundances, although the latter is significantly lower within the adopted aperture, with a mean and standard deviation of Z = 0.03 ± 0.01 Z ⊙ compared to the corresponding emission-weighted value of 0.2 ± 0.1 Z ⊙ . Fig. 7 also shows that the predicted halo temperature is in good agreement with the virial temperature expected for the simulated galaxies (i.e. T ≈ 0.3 keV for a galaxy with v c ≈ 300 km s −1 ) at intermediate distances (|z| ∼ 20 kpc) from the disk, but drops slightly below this value further out. The overall halo X-ray emission is dominated by gas closer to the disk, where T gen- erally increases gently to slightly above T vir , leading to the mildly super-virial global temperatures in Fig. 6 . At even smaller distances from the disk midplane, the temperature shows evidence of a beginning decline as a substantial fraction of halo gas eventually reaches average densities which allow for rapid cool-out. This is reminiscent of a classical central cooling flow, but it is worth emphasizing that cool-out of halo gas in these simulations also proceeds via condensation of small pressuresupported clouds at various distances from the disk, with a monotonic increase in overall mass cool-out rate with decreasing galactocentric distance (Sommer-Larsen 2006; Peek et al. 2008) . Also note that although some gas is thus cooling rapidly in the central halo regions, Fig. 7 still suggests that the X-ray gas outside the disk could appear near-isothermal. This behavior could potentially compromise direct observational tests of whether halo gas is indeed cooling to below X-ray temperatures (e.g. via X-ray grating spectroscopy), as much of the cooling occurs very close to the optical disk where absorption by cold gas and contamination from other X-ray sources, diffuse and point-like, could be substantial.
Hot Gas Mass and Cool-Out Rates
In the context of understanding the "missing baryon" problem in disk galaxies (e.g. Maller & Bullock 2004; Fukugita & Peebles 2006; Sommer-Larsen 2006) , the total amount of hot halo gas around such galaxies is a crucial quantity. For our simulations, the correlation between hot gas mass M hot within the NGC 5746 aperture and v c is displayed in Fig. 8a . Given that the simulations also include cold, non-X-ray emitting gas around the galaxies and that M hot is not an X-ray emission-weighted quantity, a low-temperature cut at T = 0.05 keV was imposed on the simulated galaxies in order to provide a sensible comparison to the Chandra constraints on Xray emitting gas mass. This temperature cut is well below T vir for all the simulated galaxies (cf. Fig. 6 ), and is probably close to the lower limit at which gas can be reliably detected in emission in typical Chandra or XMM exposures (see, for example, the discussion in Rasmussen et al. 2004b) . As anticipated, a clear trend with v c is present for the simulation results. These are also seen to be consistent with our observational constraints, but we note that the 3σ upper limit derived for NGC 5746 is here only within a factor of 2-3 of the simulation predictions for a galaxy of this mass. Clearly, any changes in the assumed input physics in the simulations that would result in significantly higher hot halo masses at z = 0 are disfavored by our observations. Also note that the overall hot gas masses within this aperture at a given v c 200 km s −1 are similar for the two simulation samples, despite the clear differences in corresponding L X visible in Fig. 5 . The main explanation is that the increased numerical resolution employed here, and the removal of a small amount of hot gas particles within an SPH smoothing length of cold gas in the new simulations, reduces the amount of (artificially) strongly X-ray emitting high-density halo gas.
The predicted amount of hot halo gas within the adopted aperture is M hot 10 9 M ⊙ for Milky Waysized galaxies, corresponding to only 2% of the baryonic disk mass of such galaxies. The situation for our observed galaxies is unlikely to be significantly different. In fact, Rand & Benjamin (2008) used the inferred Hi rotation curve of NGC 5746 to derive a dynamical mass inside r ≈ 40 kpc of 7.9×10 11 M ⊙ , which, combined with M hot from Table 2, implies that any hot halo gas outside the optical disk contributes less than 0.3% of the total mass budget within this radius. In terms of baryonic mass, the inferred Hi mass in the disk of 1 × 10 10 M ⊙ , added to a stellar mass of 1.6 × 10 11 M ⊙ as estimated from the optical parameters in Table 1 using the prescription of Mannucci et al. (2005) , implies that 1% of the baryons in NGC 5746 are in a hot phase within r = 40 kpc. For NGC 5170, the corresponding constraint is 4%, based on a stellar mass of 6 × 10 10 M ⊙ and an Hi mass of 1.4 × 10 10 M ⊙ (Bottema et al. 1987 ). These fractions are expected to grow drastically with galactocentric distance, however, as most of the diffuse hot baryons associated with our simulated galaxies reside beyond the r = 40 kpc aperture probed here. As discussed in detail in Sommer-Larsen (2006) , the total mass of hot halo gas within the virial radius may equal or exceed the mass of cold baryons in the disk of a simulated v c ≈ 300 km s −1 galaxy. For our observed galaxies, this possibility is still allowed by our constraints in Figure 8 , provided that the radial distribution of any hot halo gas around our galaxies is not significantly steeper than in these simulations. Deeper X-ray observations would be required to test this scenario in detail, but observational verification of this prediction would clearly help in resolving the well-known "missing baryon" problem in disk galaxies.
As a final comparison between the simulations and our observational constraints, Fig. 8b shows the results for the mean cool-out rate Ṁ ≈ M hot / t cool of hot gas within the NGC 5746 aperture. Again, a temperature cut at T = 0.05 keV was imposed on the simulations, butṀ was otherwise estimated in the same manner as for the observed galaxies ( § 3.3), i.e. with hot gas cooling times t cool derived assuming the metal-dependent cooling curves Λ(T, Z) of Sutherland & Dopita (1993) . The figure reveals substantial scatter at any given v c and no clear systematic variation with this quantity. The simulation predictions again remain consistent with our observational results as listed in Table 2 . The difference between the Toft et al. (2002) and newer simulations is largely due to lower mean cooling times for the hot gas in the former, for the reason discussed above.
It is important to note, however, that the estimated values ofṀ should not be identified with the actual accretion rate of hot halo gas onto the disk, in part because these estimates do not include the gas condensing out of the hot halo phase due to small-scale thermal instabilities (see, e.g. Peek et al. 2008 ), but more importantly because ourṀ does not take into account the gas cooling inside the inner boundary of the adopted aperture. In practice, the derived values ofṀ should be considered lower limits to the true disk accretion rates in the simulations. For a detailed discussion of actual accretion rates for the simulated galaxies, we refer to Sommer-Larsen et al. (2003) and Peek et al. (2008) . Such a discussion is beyond the scope of this work, also because it is not straightforward to compare these rates to our observational constraints in Table 2 .
DISCUSSION
We emphasize that the observational part of this study was initiated on the basis of the predictions of Toft et al. (2002) , which suggested that the performed observations of NGC 5746 would be sufficiently sensitive to reveal the presence of an accreted hot halo. Our newer simulations predict somewhat lower hot halo luminosities outside the disk, in consistency with the inferred absence of detectable hot halo gas around both NGC 5746 and NGC 5170. It is nevertheless clear that observational results for massive galaxies are within factors of a few of the theoretical predictions for halo luminosity and gas mass, and can potentially begin to test the input physics in cosmological simulations. For example, the predicted hot gas mass for v c ≈ 300 km s −1 galaxies is within a factor of 2-3 of the upper limit derived for NGC 5746. Numerical effects aside, inferred halo X-ray luminosities of even more massive galaxies such as NGC 4594 (cf. Fig. 5 ) clearly leave limited scope for changes in the simulation input physics that would raise the predicted present-day halo L X , though with the caveat that the simulations show some "cosmic variance" at a given v c . Further highsensitivity observations may begin to seriously challenge the theoretical models and provide useful constraints on, for example, the galactic feedback prescriptions implemented in state-of-the-art numerical work.
Compared to the earlier results presented by Toft et al. (2002) , it is also clear that the X-ray luminosity and coolout rate of hot halo gas are somewhat lower in the more recent simulations. One possible reason is the higher mass resolution of the latter, which helps to suppress the importance of a problem associated with the spatial smoothing inherent in SPH techniques, namely the possibility that the properties of hot gas particles can become strongly affected by those of much colder and denser particles in their immediate vicinity. As a rough test of the impact of improving the hot gas mass resolution, we re-simulated our lowest-mass (v c ≈ 180 km s −1 ) galaxy from z = 39 at 64 times the Toft et al. (2002) resolution, with each hot gas particle then subsequently split into eight equal-mass ones at a later stage. At high z, this version is thus eight times better resolved than the one shown in Fig. 5 , and the halo L X is here found to be 50% lower. An additional test for a more massive galaxy, the z ≈ 1 version of the v c ≈ 245 km s −1 disk in Fig. 5 , showed little change in halo L X at higher resolution, however. This suggests that higher resolution may decrease the predicted L X somewhat, but the reduction is moderate (well within the factor 4-5 in "cosmic variance" that is evident in Fig. 5 ), and L X may be close to convergence at the high-mass end. We do not currently have higher-resolution versions of our most massive galaxies at z = 0 due to the prohibitive CPU times required, so more detailed tests of the impact of numerical resolution will remain the subject of future work.
Two other effects also act to reduce the present-day hot halo luminosity in the updated simulations, namely the higher assumed cosmic baryon fraction f b = 0.15 (vs. f b = 0.10 for the comparison galaxies of Toft et al. 2002 considered here) and the higher metal abundance resulting from implementing chemical evolution in the simulation code. This may at first seem counter-intuitive, but the increased radiative cooling efficiency implied by both these modifications actually results in less hot and dense gas remaining in the halo at z = 0 for a given v c (see also Rasmussen et al. 2004a; Sommer-Larsen 2006) . Note that both the hot gas fraction and the total "external" (non-disk) baryon fraction inside the virial radius are reduced at fixed v c when assuming higher f b , not only because the accreted shock-heated gas can leave the X-ray phase more rapidly, but also because the virial radius itself decreases at a given v c as a consequence (Sommer-Larsen 2006) .
Despite the reduced X-ray output in the current simulations, we readily acknowledge the points raised by Li et al. (2006 Li et al. ( , 2007 and Wang (2007) . Their comparison of observational results obtained for NGC 2613 and NGC 4594 to the 0.2-2 keV luminosities of Toft et al. (2002) indicate that the latter overpredict total (disk plus halo) intrinsic X-ray luminosities by at least a factor of 10 for these massive galaxies. This discrepancy is at least in part related to the common overcooling problem in hydrodynamical simulations, a problem which also plagues the current simulations at some level (Romeo et al. 2006 ). However, driven by the requirement to avoid confusing any halo emission with emission produced by unrelated processes, we have to some extent circumvented that issue here by only considering the X-ray properties of gas outside the optical disk. Note also that both the Toft et al. (2002) and present simulations do not incorporate the effects of intrinsic Xray absorption by cold gas and dust in the disk, which can naturally be substantial for edge-on galaxies and may be non-trivial to properly correct for across the full optical extent of the galaxy in observational studies.
While our results suggest that increased numerical resolution may help to alleviate the issue of over-cooling somewhat, it is also possible, as hypothesized by Li et al. (2006 Li et al. ( , 2007 , that some over-cooling in the simulations is related to incomplete treatment of feedback from SN Ia, if these can provide large-scale distributed heating. As mentioned, mechanical feedback from SN Ia is not included in the present simulations, but Wang (2007) suggest that numerous SN Ia in early-type spirals (such as NGC 2613, 4594, and 5746) could generate a bulge wind which would be sufficiently powerful to suppress the cooling of any infalling halo material and lower its X-ray luminosity. Observational verification of the presence of SN Ia-driven winds in spirals would certainly provide an important new ingredient to be incorporated in numerical simulations. Our X-ray data of NGC 5746 and NGC 5170 do not allow a direct observational test of this scenario, apart from requiring such outflows to have X-ray luminosities below the inferred halo upper limits. The discussion pertaining to Fig. 1 , although based on somewhat simplistic assumptions, suggests that direct supernova blow-out of disk material is unlikely to be important in our two galaxies even if including SN Ia. Our galaxies may therefore not represent optimal targets for an observational test of this scenario.
Wang (2007) also proposes another possible solution to the over-cooling problem, noting that the halo gas may be chemically inhomogeneous but generally very low in metallicity. While metal-rich clouds can cool out rapidly and fall towards the disk, most of the halo gas may thus radiate inefficiently and would be difficult to detect in either emission or absorption. Although an interesting possibility, it is not obvious that this explanation may necessarily help to solve the over-cooling problem. As discussed above, the metal-free halos in the Toft et al. (2002) simulations are actually more X-ray luminous at a given v c at zero redshift than those in our more recent simulations. Other factors such as the assumed cosmic f b in the simulations may play a role for this result, as already mentioned, but this difference between metalenriched and metal-free halos persists even when considering halos in simulations run with identical cosmological parameters and numerical resolution (Rasmussen et al. 2004a) . Allowing for chemical enrichment in our simulations systematically reduces the predicted present-day halo luminosity for a given v c .
On the observational front, it is generally well established that disk galaxies have experienced considerable stellar mass growth since z ≈ 1 (e.g. Barden et al. 2005 and references therein), and both observational and theoretical evidence suggests that gas consumption, rather than major merger activity, has played the dominant role in driving this growth (de Ravel et al. 2008; De Rossi et al. 2008; Daddi et al. 2008) . The hot halos discussed in this paper could potentially have supplied most of the fuel required for the continued growth of disks, provided that cool-out of such gas is not strongly inhibited by, for example, disk feedback processes. Despite the absence of a detectable large-scale X-ray corona around either of our target galaxies, hot coronal gas surrounding both targets could still be present below our detection limits. It remains unclear, however, to what extent any such gas is currently cooling out to replenish the gas consumed by star formation in their disks, and if so, whether this proceeds mainly as a central cooling flow or through condensation and infall of small clouds across a wide range of galactocentric distances within a hot halo. For NGC 5746, our naive constraint on the cool-out rate of hot halo gas outside the optical disk, M < 0.3 M ⊙ yr −1 , suggests that large-scale cooling from a hot halo cannot balance the SFR in the disk of 0.9 ± 0.2 M ⊙ yr −1 . It is important to reiterate, however, that the estimated cooling rates should be considered lower limits to the total rate at which halo gas may leave the hot phase and accrete onto the disk ( § 4.4), so our results are not necessarily inconsistent with the possibility that a hot halo around NGC 5746 can supply the disk with material at rates comparable to the SFR. For NGC 5170, the weaker upper limit onṀ is a factor of ∼ 3 above the inferred SFR, again precluding any definitive conclusions in this regard.
As suggested by a number of theoretical models, and, indeed, by the simulations presented here (see Peek et al. 2008) , local thermal instabilities within a hot halo can also produce small pressure-supported clouds that would fall towards the disk on time-scales well below the cooling time of the ambient hot gas. This would contribute to feeding ongoing star formation and could potentially represent the dominant accretion mode for Milky Waysized spirals (Maller & Bullock 2004) . However, Hi observations of nearby spirals generally suggest that infall of cold gas does not occur at rates sufficient to sustain star formation in the disk (Sancisi et al. 2008) . Hence, infall of additional, possibly hot, material (at an average rate of ≈ 1 M ⊙ yr −1 ) seems required to balance gas consumption by star formation, in line with the findings of Peek et al. (2008) . Of particular relevance here is the study of Rand & Benjamin (2008) , who searched for evidence of an extended Hi component around NGC 5746 associated with infalling cold clouds. While the presence of vertically extended Hi was detected, the majority of this gas is best interpreted as a warp rather than as an extended Hi halo such as has been reported around a number of other nearby spirals (Fraternali & Binney 2006) . A number of high-|z| neutral clouds were also seen, possibly representing infalling material, though association with a disk-halo flow cannot be excluded for most of these. No corresponding study has, to our knowledge, been conducted for NGC 5170.
Thus, given the present data, it remains debatable whether the current SFR in galaxies such as NGC 5746 can be balanced by infall of halo material. Cold gas accretion alone seems insufficient both in NGC 5746 and in other nearby spirals, and our upper limit on the hot gas infall rate does not include gas cooling out within the disk region itself, so the interpretation of the observational X-ray results is not straightforward. It is apparent, however, that cooling of hot halo gas outside the optical D 25 ellipse may not be able to balance star formation in NGC 5746. Interestingly, Fraternali & Binney (2008) offer a different accretion scenario that may reconcile the discrepant accretion and SFR estimates in nearby spirals without invoking substantial direct cool-out of hot halo material. In their model, accretion has an important contribution from supernova-ejected fountain clouds which sweep up (hot or cold) ambient halo gas before returning to the disk, losing angular momentum in the process. Their combined fountain plus accretion models provide a better match to the extraplanar Hi velocity distribution in a few well-studied edge-on spirals than a fountain model alone, and yield accretion rates comparable to the SFR in these galaxies. Direct observational verification of this scenario may prove difficult, however, and cosmological simulations still lack the resolution to adequately capture such processes.
SUMMARY AND CONCLUSIONS
We have used X-ray data to re-visit our earlier claimed detection (Pedersen et al. 2006 ) of a large-scale diffuse X-ray halo surrounding the massive edge-on spiral NGC 5746. An analogous analysis of the less massive NGC 5170 has been completed for comparison. Our updated Chandra analysis employs calibration data which accounts for the positional dependence of the contaminant on the Chandra optical blocking filters (unlike the Pedersen et al. 2006 analysis, which could not take this into account), and has failed to reveal a statistically significant detection of extraplanar X-ray emission around either galaxy. We find that both the spatial and spectral hot halo properties of NGC 5746 as reported by Pedersen et al. (2006) are consistent with being due to the spatial variation of the degradation in the ACIS CCD quantum efficiencies.
Both our target galaxies show no signs of significant nuclear or star formation activity. This is supported by our Hα imaging of both galaxies and by radio data taken from the literature, suggesting that the constraints on extraplanar X-ray emission obtained for both galaxies can be used to also place constraints on the properties of intergalactic, shock-heated material accreting onto their disks as predicted by disk galaxy formation models and cosmological hydro-simulations. If assuming halo gas close to the expected virial temperature as suggested by such theoretical work, we constrain the total 0.3-2 keV luminosity of the halos within r = 40 kpc from the optical disk to L X < 4.0 × 10 39 (NGC 5746) and < 7.5 × 10 39 erg s −1 (NGC 5170) at 3σ significance. The corresponding hot gas masses are M hot < 2.3 × 10 9 and < 3.4 × 10 9 M ⊙ , respectively. We have performed a detailed comparison of these constraints to results of recent cosmological simulations of galaxy formation and evolution. These simulations represent an update of our earlier work in Toft et al. (2002) , and predict hot halo luminosities and gas masses which are consistent with the limits obtained for both NGC 5746 and NGC 5170. Outside the optical disk, the simulations show hot halo luminosities which are somewhat lower than the Toft et al. (2002) results, specifically by a factor of two for Milky Way-sized galaxies, mainly due to increased numerical resolution, the assumption of a higher baryon fraction, and the inclusion of chemical feedback. We find that "cosmic variance" in simulated halo properties can be quite substantial, with halo L X potentially varying by a factor 4-5 for galaxies of comparable mass as measured by their disk circular velocity v c .
Published results for all other galaxies with detected extraplanar emission can generally accommodate our simulation predictions, but observational results for highmass spirals are clearly providing strong constraints on theoretical models for disk galaxy evolution. Based on the inferred halo temperatures and luminosities, we confirm that the hot halo emission so far observed around other spirals is in general predominantly related to activity in the disk rather than being caused by infalling, externally accreted material.
An unambiguous detection of externally accreted Xray emitting gas around spirals is still pending. Deeper X-ray observations of carefully selected targets are required to detect such halos, but, encouragingly, our simulations suggest that this remains within reach of current X-ray instrumentation. Based on a rather modest Chandra exposure of less than 40 ks, we have constrained an X-ray luminosity and hot gas mass around NGC 5746 which are both within a factor of a few of the simulation predictions for a galaxy of this mass. Other existing observational constraints (e.g., Li et al. 2007 ) are also close to the theoretical results and can potentially begin to test the assumed input physics in numerical simulations of galaxy formation and evolution.
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